Cell-free extracts from greening maize (Zea mays L.) leaves catalyze the conversion of I'4C]2-ketoglutarate (KG) to 14C15-aminolevulinic acid (ALA) in a reaction which requires NADH and an amino donor and shows maximal activity around pH 6.5. The enzymic system is located in the cytosol. This cell fraction contains a low level of 'KG dehydrogenase' activity and a transaminase which catalyzes the conversion of 4,5-dioxovaleric acid (DOVA) to ALA. The transaminase can use glutamate, aspartate, or alanine as amino donor. It is effectively inhibited by aminooxyacetate and ethylenediamine tetraacetate and shows maximal activity at pH 6.7. The activity of DOVA transaminase is only sllghdy affected by preillumination of leaves and can also be detected in green leaves and in roots.
as a precursor of ALA both in detached leaves and in isolated etio-chloroplasts (3, 10, 24) ; the occurrence of alanine:DOVA transaminase in several algae (9, 21, 31) ; the cofactor requirement for the conversion of labeled KG to [14CIALA in cell-free systems (16, 31) ; the isolation of DOVA from greening cultures of the C-2A' mutant of Scenedesmus obliquus (4, 30) and, finally, the demonstration that a considerable part of the ALA formed in greening leaves of both maize and barley was obtained by removal and reinstatement of the amino group of glutamate (15) . This last observation is not consistent with the suggested route through glutamate-l-semialdehyde (15) .
However, taken together, these observations did not amount to a convincing demonstration of the KG -+ DOVA --ALA route in leaves or algae. In the following, we report some additional observations on the suggested route in greening leaves and discuss its possible function.
MATERIALS AND METHODS Chemicals. ALA, LA, DAN, and AOA were purchased from Sigma. LA was purified as previously described (13) Plant Material. Maize (Zea mays L., var Neve Ya'ar 170, Hazera Ltd., Israel) seeds were grown in vermiculite, in the dark at 22°C. Leaves of 8-to 9-d-old maize plants were used for the experiments. Preillumination with low intensity red light was performed by shining white fluorescent light (F20 T12/cw cool white, Tadiran, Israel) through 0.125-inch-thick, clear colored Perspex sheets (Blue-701 and red-400 from ICI, England) resulting in 1700 erg cm-2 s-1 at the level of the leaves. Illumination with white light was given with the same light source at 7500 erg cm-2 s-'. Leaves were harvested and solutions of isotopes and inhibitors were introduced with the transpiration stream as previously de- scribed (13) .
Isolation of Subcellular Fractions. Isolation of plastids was carried out as described by Kannangara and Gough (18) after grinding the leaves in a modified Waring Blendor equipped with razor blades (19 obtain a 'stroma' (supernatant) and a 'membrane' fraction (precipitate suspended in the buffer described above). The 'soluble fraction' was obtained by grinding the leaves as previously described (16) , centrifuging the homogenate at 20,000g for 20 min, and passing the supernatant through a column of Sephadex G-25 (16) (Macherey-Nagel and Co., Duren, Germany), developed for 17 h at 20°C with n-butanol:ammonia:water (100:2:17).
Enzyme Assays. Glyceraldehyde 3-phosphate dehydrogenase (NADP) was assayed according to Wolosiuk and Buchanan (33) .
'DOVA dehydrogenase' was assayed spectrophotometrically at 340 nm by either following the KG-dependent oxidation of NADH or the DOVA-dependent reduction of NAD. Both reactions were carried out in K-phosphate buffer (pH 6.5); the oxidation in the presence of 0.2 mm NADH (or NADPH) and 4 mM KG, and the reduction with 0.4 mm NAD(P) and 2 mim DOVA.
The rate of change in absorption at 340 nm in the absence of substrate was subtracted from the rate obtained after its addition.
DOVA transaminase was assayed by following the formation of ALA in a reaction mixture containing 20 mm K-phosphate (pH 6.7), 5 mm MgCl2, 8 mm glutamate, 6.5 mm DOVA, 3.5 mm LA, and enzyme (0.2-1.0 mg protein) in a final volume of 1.5 ml. The mixture was incubated at 30°C for 30 min and the reaction terminated by the addition of HC104 to 5%. The precipitated protein was removed by centrifugation and 50 ,ul of 5 N KOH were added to the supernatant. The precipitate of KC104 formed during standing at 0°C for 10 min was removed by centrifugation. The pH of the supernatant was adjusted to 6.8 with a solution of NaRO4 and ALA was determined colorimetrically after condensation with ethylacetoacetate (13) .
Extraction and Determination of DOVA. Leaves were treated with substrates, radioactive precursors, and inhibitors as previously described (13) , and then frozen in liquid N2 and ground with a mortar and pestle in 5% (w/v) cold TCA, 2 ml per g fresh weight of leaves. The slurry was centrifuged at 20,000g for 15 min and the supernatant applied to a Dowex 5OW x8 (200-400 mesh, H+ form) column to remove contaminating ALA. Ten ml bedvolume of ion exchanger were used to treat extracts from up to 5 g fresh wt of leaves. The column was washed with 25 ml of 10%o (w/v) TCA and the eluates were combined. The DOVA in such eluates was converted to its benzoquinoxaline derivative which was extracted, purified, and determined as described by Porra and Klein (29) . Thin-layer chromatography of the benzoquinoxaline and its characterization by absorption and fluorescence spectroscopy, while comparing with the authentic derivative, were performed as described by Porra et al. (30) . 1 C-Labeled benzoquinoxaline 2-propionic acid was isolated by essentially the same procedure, after incubating detached leaves with the various labeled precursors. Radioactivity was determined in methanol extracts of the benzoquinoxaline derivative eluted from TLC plates.
DOVA formation in vitro was followed by incubating the 'soluble' enzyme preparation in a reaction mixture containing 20 mm K-phosphate (pH 6.7), 0.3 M glycerol, 1 mm DTT, 25 mm MgC12, and 5 mm LA in a total volume of 2 ml. Formation of DOVA from ALA was followed with 10 mm OAA and 2 mm ALA or 1 ,uCi [5-14CIALA (2 mCi/mmol). The reaction mixture for following the formation of DOVA from KG contained (in addition to buffer, glycerol, MgCl2, LA, and DTT) 1 mm NADH and 2 mM KG or 1 ,uCi [5-'4C]KG (2.0 mCi/mmol). The reaction was carried out at 25°C for 30 min and terminated by the addition of TCA to 5%. DOVA was isolated and determined as described above.
Protein. This was determined by the method of Lowry (23) . RESULTS Previous observations on the conversion of KG to ALA in cellfree systems and on its cofactor requirement were obtained with soluble preparations from greening maize leaves (12, 16, 22) . Grinding of maize leaves by conventional blenders results in extensive breakage of chloroplasts and leakage of most of the activity of stroma enzymes to the supernatant (14) . The use of a homogenizer equipped with razor blades (19) enabled us to obtain preparations which were relatively rich in intact plastids, as judged by phase-contrast microscopy and retention of the activity of NADP-glyceraldehyde phosphate dehydrogenase in the organelle fraction. Such plastid preparations (60-70% intact) converted [14CJ KG to [14CJALA (Table I) . Similar rates of conversion were observed with KG labeled in either carbon 1 or 5, indicating that ALA had been formed from the entire carbon skeleton of KG. Activity was considerably higher at pH 7.9 than at pH 6.5, the pH optimum of the cell-free system which utilizes KG as precursor. When the plastids were broken in a Yeda Press, most of the activity was lost and could not be recovered in either the soluble or the membrane fraction of the plastids (Table I ). The activity of the lysed plastid preparation was not enhanced by addition of cofactors such as NADH, pyridoxal phosphate, or aspartate which had been found to affect the soluble cell-free system from maize leaves (16) . Passing the 20,000g supernatant of lysed plastids through a column of Sephadex G-25 to remove endogenous substrates and cofactors did not 'improve' the response of the preparation to cofactors. It was concluded that the enzymic system which converts KG to ALA was not located in plastids and was genuinely soluble. The ability of intact, illuminated plastids to carry out such conversion was apparently due to KG being first converted to glutamate. Similar conclusions were reached in studies performed on barley leaves with Dr. C. G. Kannangara at the Carlsberg Laboratories, Copenhagen (results not shown).
We attempted, therefore, to further characterize the enzyme system from the soluble fraction of the cell which can convert KG to ALA. Lohr and Friedmann, who first observed this system in maize leaves, reported its fractionation by ion-exchange chromatography into two fractions which, when recombined, catalyzed the conversion of KG to ALA as well as the reverse reaction (22) . (Table II) . Activity towards NADPH was markedly lower. The activity of a preparation isolated from etiolated leaves was somewhat lower than that of greening ones. This 'dehydrogenase' activity was markedly inhibited by AOA while MgCI2, ATP, glutamate, aspartate, and alanine, (examined because of their possible involvement in ALA biosynthesis), had no effect. The apparent Km for KG was 2 mm and maximal activity was observed around pH 6.5 (Fig. 1) . The rate of the reverse reaction, i.e. the DOVA-dependent reduction of NAD was even lower than that observed for KG-dependent oxidation of NADH. Here again, activity with NADP was lower than with NAD (Table II) .
The soluble fraction of maize leaves (20,000g supernatant) was able to enzymically convert DOVA to ALA by a transaminaselike reaction. Some nonenzymic amination of DOVA to ALA also took place, but this was rather slow below pH 8.0 (usually less than 20%o of the enzyme activity measured). The corresponding value for nonenzymic conversion of DOVA to ALA, obtained from parallel runs without enzyme, was always subtracted from the value observed in the enzymic assay. The 20,000g supernatant was subjected to (NH4)2SO4 fractionation, following gel filtration through Sephadex G-25. About 60%o of the activity precipitated between 40 and 70%o saturation with (NH4)2SO4, resulting in a 2.9- fold increase in specific activity. The transaminase showed maximal activity around pH 6.7 (Fig. 1) . The rate of ALA formation declined with time of incubation, possibly due to instability of the substrate ( Fig. 2A) , but was linear with up to 2 mg protein of enzyme preparation per reaction mixture (Fig. 2B) (29) . The benzoquinoxaline-2-propionic acid was identified by its behavior in TLC and by its absorption and fluorescence spectra compared with the authentic derivative. DOVA was detected only when ALA was fed to leaves or when ALA accumulated due to treatment with inhibitors of the conversion of ALA to porphobilinogen-LA (11) or DOHA (25) . It was not detected in etiolated or greening leaves, or in greening leaves which had been returned to darkness (Table IV) .
DOVA was also detected in leaves treated with a,a'-dipyridyl, which causes accumulation of porphyrins, apparently due to enhanced formation of ALA (5) . KG was uneffective. OAA and pyruvate, which can serve as acceptors of the amino group of ALA in the transamination reaction, enhanced DOVA formation in vivo in the presence of LA while AOA reduced the amounts of DOVA produced in the presence of ALA (Table IV) . The amount of DOVA formed in the presence of LA, in etiolated leaves in the dark and in green leaves, was markedly lower than the amount found in greening leaves. However, green leaves formed relatively large amounts of DOVA in the presence of ALA. DOVA was also found in roots, but only following the application of ALA (Table   IV) .
A labeled quinoxaline derivative, which co-chromatographed on TLC plates with benzoquinoxaline 2-propionic acid, was isolated from maize leaves after feeding and condensing the extract with DAN (Table V) . Labeled glutamate was a poor precursor of DOVA. AOA, a powerful inhibitor of transaminases, markedly decreased the amounts of DOVA labeled by [14C]KG. Relatively small amounts of DOVA were formed in vitro using a soluble enzyme preparation isolated from greening leaves. Significant amounts of DOVA were formed only from ALA in both a radioactive and a 'cold' assay. The amounts formed from KG were 10 to 15 times smaller than those obtained from ALA (Table VI) . The activity in greening leaves was higher than in etiolated or green ones and similar to the activity found in roots.
DISCUSSION
The occurrence in leaves of two routes which might participate in ALA formation raises questions regarding their function. Do they both take part in Chl synthesis? Is one of the routes involved in the synthesis of other porphyrins? Could one of the two be active in non-porphyrin metabolism of ALA (11, 12) ? These questions concern yet another route, that of the 'classical' ALA synthase which has recently been demonstrated in Euglena (2), and indications for its operation were obtained also from etiolated leaves (26) . The latter enzyme may take part in porphyrin synthesis in the dark or outside the chloroplast (2, 26) .
The properties of the route from glutamate to ALA via glutamate I-semialdehyde, which is discussed in a subsequent paper (17) , are consistent with in vivo and in vitro observations on ALA and Chl biosynthesis (10) . The system is located in plastids and its level is enhanced by preillumination. ALA formation is dependent on light which apparently provides ATP and NADPH for the reaction and the enzymes involved have pH optima typical of many plastidial enzymes (18, 20) . On the other hand, the putative route from KG described in this paper poses many problems regarding its function. Isolated plastids synthesize ALA and Chl from both KG and glutamate (10, 17, 18) and it seems reasonable to assume that the entire pathway resides in plastids. The interconversion of glutamate and KG is catalyzed in isolated maize plastids by a number of enzymes-NADPH-glutamate dehydrogenase, glutamate synthase, and some transaminases (14, 32) . The location of the DOVA route outside the plastids (Table I) (17) suggest that plastids synthesize ALA only from glutamate. The small effect of preillumination on the activity of the DOVA route casts further doubt on its suggested involvement in the formation of ALA destined for Chl synthesis since the latter is induced and maintained by light (7) . The preference of the DOVA route for NADH and its pH optimum (12, 16) , which is considerably lower than that of the stroma of illuminated plastids, is consistent with its cytoplasmic location. Although the DOVA route is not involved in synthesizing the bulk of ALA in the tissue, it might be suggested to take part in forming small amounts of ALA in the cytosol. The two enzymic activities detected in the soluble fraction of the cell-KG dehydrogenase and DOVA transaminase-may thus take part in such a route. Their pH optima and the preference of the dehydrogenase for NADH are consistent with those observed for the DOVA route ( Fig. 1 ; Table II) .
DOVA transaminase was first reported in plants by Gassman et al. from Chlorella (9) and, more recently, from Scenedesmus (21), Euglena (31), and cucumber cotyledons (29) . The properties of the enzyme from maize leaves differ in some respects from those reported for Chlorella (9) , Rhodopseudomonas (28) , and the enzyme recently purified from Clostridium tetanomorphum (1) . In Rhodopseudomonas, alanine is the most effective amino donor and the pH optimum is 7.4. In Clostridium, glutamate is as effective an amino donor as alanine, whereas in Chlorella, glutamate, alanine, phenylalanine, valine, and leucine are active in diminishing order (9) . In maize, too, glutamate is the most effective donor, but aspartate is also active while alanine is a relatively poor donor of the amino group (Table III) . Other amino acids are inactive. The pH optimum of the enzyme is around pH 6.8 (Fig. 1) Accumulating evidence suggests that DOVA is an authentic plant product and that it is metabolically related to KG and ALA (1, 4, 21, 29, 30 ). However, DOVA was detected in significant quantities in maize only after ALA had accumulated in situ (Table  IV) . Several observations suggest that although DOVA can be formed from either KG or ALA, the latter possibility predominates in vivo. AOA inhibits DOVA formation (Tables IV and V) whereas pyruvate and OAA, which can serve as acceptors of the amino group of ALA in the transaminase reaction, enhance it.
The fact that [14C]KG labels DOVA more efficiently than ["4C] glutamate can be explained by the apparent large difference in the endogenous pools of the two precursors. This difference is also evident when the two precursors are examined for their ability to label ALA in vivo (3, 24) .
The marked levels of DOVA produced by roots which have been treated with ALA but not with LA (Table IV) along with the detection of DOVA transaminase in roots tends to support the conclusion that DOVA is not an intermediate in Chl synthesis. The 'DOVA route' might be involved in ALA formation in the dark, responsible for the low level of Pchlide found in etiolated leaves (11) or for the synthesis of extra plastidial porphyrins. However, since the latter function is apparently carried out by the classical ALA synthase (2, 26) , the DOVA route might perform yet another function.
We suggest that the DOVA route operates in the 'reverse' direction, diverting ALA which cannot be converted to porphyrins to respiratory metabolism. Such diversion is suggested by the absence of any ALA accumulation even when such accumulation is expected (7) and by the readiness with which ['4C]ALA is catabolized to CO2 in leaves (6; E. Harel, unpublished). The route can perform a regulatory role or handle ALA which leaks from plastids or mitochondria to the cytosol. It is consistent with a considerable part ofthe observations reported here and in previous work (6, 7, 12, 17, 20, 22) . The labeling of ALA by ['4CJKG in vitro can then be due to a limited operation of the route in the reverse direction. A similar diversion of carbons from ALA to respiratory metabolism has been suggested in an attempt to explain observations in animal tissues (27) . It is interesting to note that DOVA transaminase in greening cucumber cotyledons is inactive in DOVA formation and shows only a low level of activity in the direction of ALA formation (29) . Activities are markedly higher in etiolated and in green cotyledons, the rate of DOVA formation from ALA being 10 to 20 times higher than that of the reverse reaction (29) . This agrees, in part, with observations reported in Table VI 
